The relative influence of niche versus neutral processes in ecosystem dynamics is a 36 fundamental question in community ecology, but the extent to which they structured early 37 animal communities is unknown. The oldest known metazoan-dominated paleocommunities 38 occur in Ediacaran age (~565 million years old) strata in Newfoundland, Canada and 39 Charnwood Forest, UK. These comprise large and diverse in-situ populations of sessile 40 organisms that are amenable to spatial point process analyses, enabling inference of the most 41 likely underlying niche or neutral processes governing their community structure. We 42 conducted comprehensive spatial mapping of seven of the largest Ediacaran 43 paleocommunities using LiDAR, photogrammetry and a laser-line probe. We find neutral 44 processes to dominate these paleocommunities with limited influence of niche processes. 45
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EGM conceived the project, designed the research, ran the 26 analyses and wrote the first draft of the paper. All authors contributed to field data collection. 27 SH developed the data post-processing protocol. SH and EGM processed field data. All 28 authors were involved in writing the final manuscript. 29 30 Data accessibility statement: Should the manuscript be accepted, the data supporting the 31 results will be archived in Dryad, Figshare or Hal and the data DOI will be included at the 32 end of the article. 33 Introduction 6 possible to use spatial point process analyses (SPPA) to infer the most likely underlying 98 ecological and biological processes in operation (25) . 99 viewed simultaneously, so control points were marked in both each high-resolution scan, and 147 in the LiDAR scan, enabling accurate combination of the high-resolution scans with the 148 LiDAR surface data (done using Geomagic 2015). Taxon identification, position, and fossil 149 dimensions of disc width, disc length, stem length, stem width, frond length and frond width 150 were marked up in Inkscape 0.92.3 on a 2D map of the combined dataset as vectors for every 151 specimen, creating a 2D vector map of the paleocommunity. 152
For H14, Bristy Cove and St Shott's surfaces, fossil relief was not sufficiently high to permit 153 accurate capture of all morphological details using the laser-line probe. These surfaces did 154 have good colour differentiation of the fossils, so a photomap was created by photographing 155 the specimens along a horizontal and vertical grid, and using Agisoft Photoscan software 156 v1.3.5 to create a photogrammetric render of the surface. The LiDAR scan was then
Taxonomic identification 172
Specimens were assigned to one of twenty macrofossil taxa/groups, including several 'bin' 173 groups (60), on the basis of their morphological attributes: 174 1) Arborea, 2) Aspidella, 3) Avalofractus, 4) Beothukis, 5) Bradgatia, 6) Brushes, 7) Charnia, 175 8) Charniodiscus, 9) "Feather Dusters" which includes Plumeropriscum and 176 Primocandlebrum, 10) Fractofusus andersoni + F. misrai, 11) Hylaecullulus, 12) 177 Ivesheadiomorphs, 13) Ostrich Feather, 14) Pectinifrons, 15) Primocandelabrum, 16) 178
Thectardis, 17) Trepassia, 18) Vinlandia, 19) "Holdfast Discs" [all discoidal specimens of 179 uncertain affinity, with or without associated stems, which lack sufficient detail to identify 180 the taxon], 20) "Other Species" [rare forms that do not fall into any of the other groups; e.g., such as Hiemalora or the decayed remains of already dead organisms, such as 183 ivesheadiomorphs) were excluded from analyses, leaving 13 abundant taxa, three of which 184 (Charniodiscus, Charnia, Bradgatia) occur abundantly on two bedding-planes and one 185 (Fractofusus) on four bedding-planes. 186 187
Bias analyses 188
Differential erosion has the potential to distort spatial analyses (17, 19) so for each surface, 189 we tested for erosional biases (19) and tectonic deformation, corrected for these factors into 190 account if they significantly affected specimen density distributions ( Fig. S2 , Table S2 ). . 191
Our data have been tested for the influence of differential erosion using heterogeneous 192 Poisson models. We modelled possible sources of erosion (cf. 20), fitting at least three 193 heterogeneous Poisson models to the data, with the models dependent on x (parallel to strike), density changes depending on these physical features of the surface, implying that the 197 observed surface specimen density has been significantly influenced by post-preservational 198 erosion processes. Such heterogeneous erosional processes were incorporated into 199 subsequent analyses so that the underlying biological and ecological processes could be 200 investigated. Tectonically distorted data were retrodeformed by returning elongated holdfast 201 discs to a circular outline (16, 20) . 202 203 Spatial Analyses 204 Initial data exploration, inhomogeneous Poisson modelling and segregation tests were 205 performed in R (61) using the package spatstat (62-64). Programita was used to find distance 206 measures and to perform aggregation model fitting (described in detail in references (65-68)). 207
208
The univariate spatial distribution of each taxon on each bedding plane was described using 209 pair correlation functions (PCFs). A PCF = 1 indicates a distribution that was completely 210 spatially random (CSR); PCF > 1 indicates aggregation; and PCF < 1 indicates segregation 211 (25, 32, 39) . Univariate and Bivariate pair correlation functions (PCFs) were calculated from 212 the population density using a grid of 10cm x 10cm cells on all surfaces except Bristy Cove, 213 where a 1cm x 1cm cell size was used. To minimise noise, a smoothing was applied to the 214 PCF dependent on specimen abundance: This smoothing was over three cells with all 215 surfaces except Bristy Cove which had a 5 cell smoothing. To test whether the PCF 216 exhibited complete spatial randomness (CSR), 999 simulations were run for each univariate 217 and bivariate distribution, with the 49 th highest and lowest values removed (69). CSR was 218 modelled by a Poisson model on a homogeneous background where the PCF = 1 and the fit 219 of the fossil data to CSR was assessed using Diggle's goodness-of-fit test (32, 39). Note that 220 due to non-independence of spatial data, Monte-Carlo generated simulation envelopes cannot 221 be interpreted as confidence intervals. If the observed data fell below the Monte-Carlo 222 simulations, the bivariate distribution was interpreted to be segregated; above the Monte-223 Carlo simulations, the bivariate distribution was found to be aggregated. 224
225
If a taxon was not randomly distributed on a homogeneous background, and was aggregated 226 Table S3 ), the random model on a heterogeneous background was tested by creating not included in the model fitting, since they likely represent the finite size of the specimens, 247 and a lack of specimen overlap. 248 6. If there were no excursions outside the simulation envelope and the pd -value was high, 249
then a univariate homogeneous Thomas cluster model was interpreted as the best model. 250
For each bivariate distribution displaying segregation, the size-classes of each taxon were 251 calculated, the bivariate PCFs of the smallest size-classes and largest size-classes were 252 plotted, with 999 Monte Carlo simulations of a complete spatially random distribution and 253 segregation tests performed. The most objective way to resolve the number and range of size 254 classes in a population is by fitting height-frequency distribution data to various models, 255 followed by comparison of (logarithmically scaled) Bayesian information criterion (BIC) 256 values (72), which we performed in R using the package MCLUST (73). The number of 257 populations thus identified was then used to define the most appropriate size classes. A BIC 258 value difference of >10 corresponds to a "decisive" rejection of the hypothesis that two 259 models are the same, whereas values <6 indicate only weakly rejected similarity of the 260 models (72-77). Once defined, the PCFs for each size class were calculated. Although it was 261 necessary to set firm boundaries for each size class, the populations are normally distributed 262 and therefore overlap. As a result, the largest individuals of the small population are grouped 263 within the middle size class, while some of the smallest of the medium population are 264 included within the small size class. As such, the medium population was excluded from 265 analyses. 266
Results 267
Across the seven surfaces and the 19 taxon univariate distributions examined, eight taxon 268 distributions were best modelled by CSR (Figs. 1 and 2, Table S3 ). Of the non-CSR taxon 269 distributions, 10 were best modelled by TC (or DTC). Only Trepassia on Spaniard's Bay 13 was best modelled by an ITC model ( Fig. 2 , Table S3 ). The only taxa which had univariate 271 spatial distribution with a HP best-fit model was Beothukis on the 'E' and Spaniard's Bay Primocandelabrum specimens ( Fig. 3B , Table S3 ), as do the three non-CSR bivariate 292 distributions on the 'E' surface (22, 44) . For the Primocandelabrum 'E' surface and the Bed 293 B non-CSR habitat associations, the large specimens had a segregated spatial distribution 294 which corresponds to a reduced specimen density compared to CSR. This reduction in 295 specimen density indicates that there were not enough resources to sustain all of the 296 population and so is a niche process (44). On the 'E' surface, inter-specific segregations 297 reduced specimen density by 25%, and aggregations increased specimen density by 56% 298 (Fig. 3C, D) . In contrast, intra-specific dispersal processes had a large effect on specimen 299 density increasing their density between 250-600% (Fig. 1F) (Table S3 ) which is a Thomas Cluster model fitted onto the heterogeneous Poisson 309 model background of Beothukis (Fig. 3A) . This result demonstrates that there is a single 310 habitat heterogeneity impacting both taxa on scales above 40 cm, but influencing Beothukis 311 more strongly than Trepassia (Fig. 3G , although see SI Appendix). Across the 312 paleocommunities, the bivariate habitat associations are much weaker in PCF magnitude than 313 the univariate distributions (Figs 1 and 3) , showing that the bivariate (niche) processes had 314 less impact on spatial distributions than univariate (neutral) processes. These spatial 315 distributions suggest that competition is rare, and that where it was present it was relatively 316 weak in magnitude ( Fig. 3; cf. refs. 22, 44) . 317
Discussion 319
Our results support combined theories of community assembly whereby niche and neutral 320 theories are not mutually exclusive, but instead act along a continuum or spectrum, with 321 differing extents of niche and neutral processes present in different circumstances (45, 46) . 322
The dominance of neutral best-fit univariate models, repetition of best-fit univariate models 323 across different paleocommunities, and the rarity and weakness of bivariate niche best-fit 324 models, all combine to provide strong evidence that neutral processes dominated Avalonian fossil assemblages provides strong model and empirical support for environment-led (niche) 334 models of assembly (49). There are some notable differences between Avalonian 335 paleocommunities and extant marine communities. Avalonian paleocommunities appear to 336 differ from the majority of extant marine systems in the extent of their ecological maturity, in 337 that no more than three generations are seemingly preserved (22), though some 338 paleocommunities include rare survivors (23) and/or evidence of secondary community 339 succession (50). These characteristics suggest that the fossil communities are not always 340 mature, many having been curtailed by high frequency incursions of sediment, limiting their periodically subjected to disturbance events are dominated by neutral processes, implying a 343 lack of small-spatial scale environmental control on their ecological dynamics (46). 344
345
The relative influence of niche versus neutral processes has been shown to be effected by the 346 dispersal ranges of taxa within communities (52). Wide dispersal ranges increase the 347 connectivity between populations, and so expand effective community size with the net effect 348 of enhancing ecological selection (competition) and thereby increasing the relative 349 importance of niche processes (52). The opposite is true when dispersal is limited, making 350 these communities neutral dominated (52). Within the Ediacaran, the global distributions of 351 some Avalonian taxa provide evidence that these taxa were capable of wide dispersal (51, 352 53). Further evidence of dispersal ranges is found in their spatial distributions (20, 44). For 353 example, we can see in the PCF plots that Fractofusus, Charniodiscus and dominated by taxa such as Fractofusus and Charniodiscus which predominantly exhibit 362 limited local dispersal (Fig 1H, I; 18, 22, 44) . The studied Ediacaran paleocommunities have 363 comparatively small populations, experienced frequent disturbance events, and include many 364 taxa with short dispersal ranges, so within this framework we would expect neutral processes 365 to dominate. While the dominance of neutral-based processes within these paleocommunities entirely consistent with models of assembly that include both niche and neutral processes, 368 and are similar to those of modern communities subject to the same conditions. Thus, it is 369 therefore likely that the fundamental mechanisms of metazoan community assembly were 370 already in place in the Ediacaran Period, and so may have existed unchanged for ~570 371 million years. 372
373
In a similar manner to ecological processes, evolutionary processes can be categorised as 374 niche (selection) or neutral (drift) processes (54). Selection (niche) processes are considered 375 deterministic because external factors, such as limited resources, lead to competition in a 376 predictable way: given a set of initial conditions, the organisms/communities will always 377 respond to these conditions (environment) in the same way (54). By contrast, drift (neutral) 378 processes are considered stochastic because they result from random fluctuations in 379 population demography, so, given a set of the same initial conditions, different 380 populations/communities may emerge. Hence, the observed dominance of neutral ecological 381 processes in the Ediacaran Avalonian paleocommunities establishes that they are inherently 382 stochastic/probabilistic with the possible implication that early metazoan diversification was 383 not a systematic adaption to optimise survival under prevailing environmental conditions 384 (which would be niche processes, and so deterministic). Instead, their existence under a 385 stochastic regime would mean that diversification could have been merely driven by 386 demographic differences resulting from random within-population. If this hypothesis is 387 correct, and early metazoan evolution was stochastic, then this stochasticity may help to 388 explain why neutral models of evolution can reproduce substantial macro-evolutionary trends 389 such as the Cambrian Explosion (cf. 55), despite the known importance of niche processes in 390 shaping evolution (e.g. 56). 391
Conclusions 393
We have shown that paleocommunities of early macroscopic metazoans were overwhelming 394 dominated by neutral ecological processes, with only limited and weak evidence for niche 395 processes. Our results strongly contrast with modern marine systems, but because our 396
Ediacaran paleocommunities have traits (short dispersal ranges, small populations and 397 frequent disturbances) that are associated with neutral ecological models our results suggest 398 that the fundamental mechanisms of community assembly may have been in place since the 399 early stages of metazoan evolution. The dominance of neutral processes in these 400 paleocommunities suggests that systematic adaptation of the Ediacaran organisms to their 401 local environment may not have been the underlying driver of early metazoan diversification. represents a niche process (Table S3) individuals) only. Minimum size consistently preserved is the modal height of small 658 specimens, because specimens beneath this threshold exhibit discontinuous distributions (cf 659 e.g. 79) so it is likely that specimens beneath this threshold may not have been 660 preserved/mapped. *Note due to low specimen numbers on the Spaniard's Bay surface, we 661 included >15 specimens as abundant taxa (see SI appendix). 662
Figure S2: Model density maps of surfaces showing erosion biases. 665
For each surface darker colors indicate higher modelled fossil density, and therefore lower 666 presumed erosional rate, normalised for the density on each surface. Note that Bed B has a 667 coarser pattern due to a relatively lower fossil density difference across the surface and that 668 the full spatial map is not provided in full due to concerns about fossil theft. 669 Table S2 : ΔAIC values for density models used to investigate erosional biases. x is 672 parallel to strike, y parallel to dip, √[(x-x1) 2 + (y-y1) 2 ] is the distance from the point of least 673 erosion, and x1 and y1 are the co-ordinates of that point. These ΔAIC were used to determine the 674 best-fit models. ΔAIC > 0 indicates that the model has a better fit to the data than completely 675 spatially random model. Units are the centimetre co-ordinates of the spatial maps. The parameters used for the shared source models (SS), linked cluster models (LCM) and 704 linked double cluster models (LDCM). pd = 1 corresponds to a perfect fit of the model to the 705 data, while pd = 0 corresponds to no fit at all. 706
